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The extensively described consequence of weightlessness exposure is a rapid muscle atrophy characterized by a decrease in muscle volume, lower muscle tone, power, and strength, and a compromised ability to deal with physical work capacity (5, 23, 35, 59, 60) . The lower limbs are primarily affected (28) .
Taking into account the relatively few human muscle data collected in real microgravity, bed rest is currently being used to simulate the effects of microgravity in humans. Indeed, bed rest with a slightly head-down-tilted supine position is considered as a valid analog of space-induced physiological changes (1, 54) and particularly as a condition that induces decreases in muscle force (55, 59, 63) . Because of their relatively good frequency and the number of subjects undergoing each experiment, bed rests offer an exceptional opportunity to understand the basic mechanisms contributing to muscle atrophy and functional consequences.
Force depends on the binding of Ca 2ϩ to a subunit of the troponin molecule and on subsequent conformational changes of the three troponin subunits (TnC, TnT, and TnI) and tropomyosin (Tm). It has already been well demonstrated, in skinned fibers, that the isoform expression of Tn (especially TnC and TnT) and Tm molecules regulates the Ca 2ϩ dependence of the contractile force (37, 40, 45) . The plasticity of Tn isoform expression is known, as well, to contribute to the changes in functional properties observed after disuse conditions (6, 38) . However, no data have ever been obtained after bed rest, and only a few partial data relative to changes in Tn and Tm have been reported in men during a spaceflight (24) .
With the use of the bed rest model, a detrimental effect of muscle unloading on the insulin ability to promote glucose disposal in skeletal muscle also has been clearly shown (8, 52) . Since muscular metabolisms as well as contraction process are highly dependent on glucose, the glycosylation level may contribute to functional adaptation. Indeed, the level of Olinked N-acetylglucosamine (O-GlcNAc), a monosaccharide that induces posttranslational modifications of different muscle proteins (16) , was found to be modified in rat atrophied hindlimb muscles (17) and to influence contractile function (34) . Therefore, it can be hypothesized that changes in muscle O-GlcNAc level might occur after bed rest and could be implied in the observed functional changes.
The primary objective of this paper was to analyze, for the first time in women submitted to a 60-day bed rest, the Ca 2ϩ activation properties and the regulation of the contractile mechanism in relation to isoform expression of regulatory proteins of the thin filament. In addition, the level of O-glycosylation in the muscle as another factor of regulation was determined. Two different muscles were studied: the soleus, a slow antigravitational muscle, and the vastus lateralis, a mixed muscle.
The second aim of the present study was to evaluate the effects of two countermeasures: exercise and nutrition. The former is a new, combined protocol of resistive and aerobic exercises especially conceived for this bed rest. Resistive exercises had already been shown to induce beneficial effects on fast fibers (55) . In this study, aerobic exercise sessions were added to improve the compensatory effects on slow fibers (18) . The second countermeasure is based on a nutrition program. Indeed, muscle inactivity also causes metabolic adaptations that include decreased whole body and muscle protein turnover and lower energy expenditure (7, 27) . It was shown that the addition of essential amino acids (10, 14) and, more particularly, branched-chain amino acids (49) in the food ration presents a beneficial effect in protecting lean leg mass (42) and function (29) during prolonged muscle unloading. Therefore, we hypothesized that an increased level of daily protein intake enriched with branched-chain amino acids would partly prevent the loss of muscle mass and, eventually, of functional properties during bed rest through increased amino acid availability for incorporation into body proteins.
METHODS

Subjects and Ethics
The results presented were obtained from needle biopsies of soleus (SOL) and vastus lateralis (VL) muscles performed on 24 volunteer women before (Pre BR) and after (Post) they were submitted to bed rest. The study was conducted in accordance with the Declaration of Helsinki, and the whole protocol was approved by the Ethical Committee of the Midi-Pyrénées Region, since the bed rest was organized at the MEDES (Center of Space Physiology in CHU Rangueil University Hospital, Toulouse, France). Each volunteer was interviewed and had a general physical examination (including, among numerous controls, blood and urine chemistries). All subjects were informed of all procedures and risks and gave written consent to their participation in the experiments and muscle biopsies. They were entitled to refuse to participate in an experiment and also were free to withdraw at any time. Subjects were housed by pairs, randomly constituted, in bedrooms where they had personal computers, Internet access, television, newspapers, and free movies.
The selected 24 healthy female volunteers originating from different European countries were 32.1 Ϯ 0.8 yr old (mean age), weighed 58.9 Ϯ 1.1 kg (mean weight at inclusion), and 165.9 Ϯ 1.4 cm tall (mean height). The selection criteria for volunteers included nonobese (body mass index Ͻ 28 kg/m 2 ), nonsmoking, normotensive, nonpregnant healthy women. All subjects had to be physically active with at least "average" aerobic fitness (mean Ϯ SD maximal oxygen uptake: 39 Ϯ 4 ml⅐ kg Ϫ1 ⅐ min Ϫ1 ), but competitive athletes were excluded.
Bed Rest Organization
This study, called WISE-2005 (Women International Space Simulation for Exploration) was sponsored by the European Space Agency, the U.S. National Aeronautics and Space Administration, the Canadian Space Agency, and the French Centre National d'Etudes Spatiales, designated as the promoter of the study according to French law.
WISE was a 60-day bed rest organized within two campaigns from March to May 2005 (12 subjects) and from September to November 2005 (12 subjects). The volunteers were divided randomly into three groups, with the common parameter between the groups being the antiorthostatic Ϫ6°head-down tilt (HDT) position maintained all along the bed rest period 24 h/day for 60 days, without weight bearing on the subjects' hindlimbs. All subjects were restricted to the HDT position at all times except during meals, when they were allowed to elevate on one elbow. The first group, referred to as BR, corresponded to women (n ϭ 8) submitted only to HDT. The second group, referred to as BRϩEx, corresponded to women (n ϭ 8) who performed different exercises in addition to their HDT position. The third group, referred to as BRϩNut, corresponded to women (n ϭ 8) who received supplementations of amino acids during meals.
Exercise Countermeasure
Two types of exercises were combined during bed rest in the BRϩEx group: resistance training and aerobic exercises. Resistance exercise alone has been described previously (55) as effective for the preservation of the contractile characteristics of fast fibers. However, slow-twitch fibers were less protected, and this flaw was at the origin of the addition of aerobic exercises. Since the latter preferentially uses slow-twitch fibers during submaximal activity, the combination of resistance and aerobic training may better protect both slow and fast fibers in human muscles during prolonged periods of unloading.
Resistance training exercise program. The BRϩEx group trained the thigh and calf muscles by performing supine squat (SS) and calf press (CP) exercises. The exercises were performed in the supine position with a special device, a flywheel ergometer (2) . The training device was adapted so that the subjects maintained the Ϫ6°HDT position.
Before bed rest, subjects participated in orientation sessions to become familiar with the different procedures and to establish baseline data. Later, exercises were performed every third day over the 60-day period beginning on day 2 of bed rest. Ten minutes of light supine cycling and submaximal SS and CP repetitions were completed as a warm-up. The SS exercise consisted of 4 sets of 7 maximal concentric and eccentric repetitions, whereas the CP exercise consisted of 4 sets of 14 maximal concentric and eccentric repetitions. Sets were interspersed by 2 min of rest. Force and power angular velocities were measured and analyzed by another group of researchers participating in this bed rest study (56) .
Aerobic exercises. Two or three days a week, subjects of the BRϩEx group performed 40 min of aerobic exercise followed by 10 min of rest. The treadmill used for these exercises was similar to the device used in previous bed rest studies (12) . The protocol consisted of sessions of exercises of different intensities prescribed following a linear relationship between treadmill speed and oxygen uptake determined during tests carried out in upright posture before the course of the 60-day bed rest.
Nutrition Program
This nutritional intervention was proposed as a countermeasure to prevent loss of muscle mass and function. The aim of this protocol was to provide supplements of proteins and branched amino acids (leucine, isoleucine, and valine) during the bed rest to a specific group (n ϭ 8, 4 subjects per campaign), designated the BRϩNut group. During the pre-bed rest period (21 days), all three groups received similar meals with protein composition controlled at 1.0 g ⅐ kg body wt Ϫ1 ⅐ day Ϫ1 (13-16% of total energy intake). During bed rest, this protein content was maintained for the BR and BRϩEx groups and increased in the diet of the BR ϩ Nut group up to 1.45 g ⅐ kg body wt Ϫ1 ⅐ day Ϫ1 . Moreover, BRϩNut subjects received free leucine (0.18 g ⅐ kg Ϫ1 ⅐ day Ϫ1 ) free isoleucine (0.06 g ⅐ kg Ϫ1 ⅐ day Ϫ1 ), and free valine (0.06 g ⅐ kg Ϫ1 ⅐ day Ϫ1 ). Total daily energy was achieved by decreasing proportionally carbohydrate and fat intake.
Because it is important to maintain nutrient contents on a daily basis as uniformly as possible, total energy, macronutrient (proteins, carbohydrates, and fat), micronutrient, and liquid intakes were controlled and maintained stable during BR (19) . Before the HDT period, the resting metabolic rate (RMR) was determined by indirect calorimetry. The initial caloric intake depended on the three groups. For the BR and BRϩNut groups, each subject was given a diet of 110% of their RMR, and for the BRϩEx group, each subject received 110% RMR plus energy related to physical activity. Since the goal was to maintain fat mass throughout the study, RMR and fat mass were determined every 15 days by indirect calorimetry and DEXA. If an increase or decrease of fat mass was detected, the caloric intake was adjusted to preserve this status of fat mass and thereby maintain energy balance.
Muscle Biopsies
Muscles and treatment of biopsies. Sample biopsies were taken from the right SOL and VL using a Bergstrom sterile needle after local anesthesia. The Pre biopsies were taken 1 wk before bed rest, and the Post biopsies were taken on day 59 of the bed rest period. Each muscle biopsy was divided into several portions for the different investigators. For our experiments, two pieces were collected. The first one was immediately frozen in liquid nitrogen and stored at Ϫ80°C until biochemical analyses could be performed. The second piece, oriented in the longitudinal fiber axis, was chemically skinned for the contractile experiments on single fibers. The skinning procedure was based on Ca 2ϩ chelation by EGTA, which permeabilized the sarcolemmal and transverse tubular membranes.
The EGTA skinning solution (see Solutions) was applied for 24 h at 4°C. The skinned biopsies were stored at Ϫ20°C in 50:50 glycerolskinning solution (storage solution). Protease inhibitor leupeptin was added to the storage solution (10 g/ml) to prevent protein degradation. All samples were brought in preserved temperature conditions to the laboratory in Lille for the experiments.
Muscle biopsies and number of subjects. In the BR group, one Post biopsy of SOL was not collected from one subject; therefore, only seven subjects were kept for the Pre/Post comparisons. Similarly, for VL, one Pre biopsy was not well oriented longitudinally, so only diameters and protein isoforms were determined. Subsequently, eight subjects were used for the Pre/Post morphological and biochemical analyses and seven were kept for the Pre/Post functional analyses (tension-pCa relationships).
In the BRϩEx group, Post biopsies of SOL were not obtained from two subjects. Therefore, this group was made up of six subjects for all measurements. For VL, biopsies were obtained from the whole group (n ϭ 8). In the BRϩNut group, Pre and Post biopsies of SOL and VL were obtained from all subjects (n ϭ 8).
Ca 2ϩ Activation Characteristics of Single Skinned Fibers
Experimental set up. For each experiment, a 2-to 2.5-mm singlefiber segment was isolated from the skinned biopsy. Silk was tied at each extremity, allowing the mounting of the fiber with constant stirring in an experimental chamber, initially filled with relaxing (R) solution. The fiber was held at one end by small fixed forceps and at the other end by a clamp connected to a strain gauge (force transducer Fort 10, World Precision Instruments; sensitivity 10 V/g). The fiber diameter was then measured through a high-magnifying binocular (ϫ80) with a micrometer, assuming a circular profile. The resting sarcomere length was measured by means of a helium-neon laser (Spectra Physics) directed perpendicularly to the longitudinal axis of the fiber. Next, the fiber was stretched to ϳ120% of resting length to allow maximal isometric tension development following ionic activation. The resulting sarcomere length (2.60 Ϯ 0.04 m for SOL and 2.65 Ϯ 0.03 m for VL) was subsequently regularly controlled and readjusted if necessary. The output of the force transducer was amplified and recorded on a graph recorder (model Windograph; Gould) and simultaneously analyzed using computer software.
Solutions. All reagents were provided by Sigma Chemical (St. Louis, MO). The composition of all solutions was based on previously described protocols (62) and calculated using the Fabiato computer program (25) with final ionic strength at 200 mM. The pH was adjusted to 7.0 Ϯ 0.02, and ATP (2.5 mM) was added in each solution. The skinning solution was made up of (in mM) 10 MOPS, 170 potassium propionate, 2.5 magnesium acetate, and 5 K 2EGTA. The following solutions were used for the experimental procedure: a washing (W) solution composed of (in mM) 10 MOPS, 185 potassium propionate, 2.5 magnesium acetate, and 10 phosphocreatine; and a R solution identical to the skinning solution. The composition of the different pCa-activating solutions consisted of W solution plus various concentrations of free Ca 2ϩ from CaCO3, buffered with EGTA and added in proportions to obtain the different pCa values (7.0 -4.2). To eliminate a hypothetical influence of the sarcoplasmic reticulum (SR) on the tension developed by the myofilaments, each fiber was bathed for 20 min at the beginning of an experiment in a Brij solution made up of R solution with 2% Brij 58 (polyoxyethylene 20 cetyl ether). The nonionic Brij 58 detergent irreversibly eliminated the ability of the SR of skinned muscles to sequester and release Ca 2ϩ without altering the actomyosin system (41) .
Tension-pCa relationships. All experiments were carried out in a thermostatically controlled room to keep the chamber bath temperature constant at 19 Ϯ 1°C. At the beginning of each experiment, a maximal tension (P 0) was induced by applying a pCa 4.2 solution that maximally activated the fibers, since the tension-pCa curve reached a plateau well before pCa 4.2. An experimental sequence was defined as follows: the fiber was bathed in W solution, which eliminated EGTA traces from the previously applied R solution. Next, the fiber was activated at a level of tension (P) in a given pCa solution, immediately followed by a maximal contraction, P 0. The solutions were applied in the order of increasing Ca 2ϩ concentrations, although we had already checked that there was no influence of random or systematic applications on the tension level. This procedure allowed the calculation of the relative tension (P/P 0). Finally, the fiber was relaxed in R solution. Fibers were rejected if force declined during a sustained contraction, or decreased by Ͼ20% during the whole experiment, and if tensionpCa series were not completely achieved. Data from ϳ10 fibers were kept from each muscle biopsy. The tensions developed in submaximally activating solutions were expressed as fractions of P0 related to the Ca 2ϩ concentration (in pCa), tension-pCa relationships. The tension-pCa experimental data were fitted to the Hill equation:
where P/P0 is the normalized tension, nH is the Hill coefficient, K is the apparent dissociation constant (pK ϭ Ϫlog K ϭ pCa50, where pCa50 is the pCa necessary to develop 50% of P0), and brackets denote concentration.
Different parameters can be inferred from the tension-pCa curves: the pCa threshold (pCathr), defined as the lowest Ca 2ϩ concentration required to obtain the development of tension; the pCa50 value, used to assess the Ca 2ϩ affinity of the contractile system; and nH, related to the steepness of the curve. After Ca 2ϩ activation measurements were made, each fiber was identified according to its composition of myosin heavy chain (MHC) and TnC isoforms (see Electrophoresis).
Electrophoresis in single Fibers: MHC and TnC Isoform Composition
Each fiber was dissolved in 20 l of SDS sample buffer, heated at 90°C for 3 min, and stored at Ϫ80°C until analysis. The MHC composition of each fiber was determined by SDS-PAGE on a 7.5% separating polyacrylamide gel. Electrophoresis was run for 22 h at 12°C (180-V constant, 13 mA per gel). Next, the different MHC isoforms were identified by immunoblotting (see below). This protocol permitted identification of the three MHC isoforms (MHC I, IIa, and IIx) already described in human skeletal muscle fibers. The slow MHC I isoform characterizes the slow-type (S) fibers, and the fast MHC IIa and MHC IIx isoforms characterize the fast-type (F) fibers. Moreover, in some fibers, both fast and slow isoforms are expressed, and these fibers are called hybrids. Hybrid slow (or fast) fibers correspond to a predominant expression of MHC I (or MHC IIa/IIx).
In addition to MHC identification, we chose to have an isoform identification of one regulatory protein of the thin filament at the single-fiber level. The purpose of this experiment was to establish a parallel with the analyses of the different regulatory proteins in whole biopsies. Therefore, experiments on TnC expression in single fibers were carried out. This protein was chosen for its role in the Ca 2ϩ activation properties of slow and fast fibers and because it is reported to participate in the regulation of contractile properties in atrophied muscles after unloading (38) . Experimental protocol for recognition of slow (TnCs) and fast TnC (TnCf) isoforms within each fiber was similar to that used for whole muscle biopsies (see below).
Electrophoresis of Thin Filament Proteins in Whole Biopsies of SOL and VL Muscles
Frozen pieces of muscle biopsies were pulverized under liquid N2 in a small steel mortar and used for the analyses of Tn and Tm subunits. Muscle powder was dissolved in an extraction buffer, as previously described (51) . Protein concentration of this myofibrillar homogenate was determined according to the Lowry method. The different isoforms of the three Tn subunits (T, I, and C) were separated on one-dimensional 10 -20% gradient gel electrophoresis (30 g protein/lane). Fast and slow Tn subunits and Tm, as well as actin, were identified by immunoblotting. The actin signal, which proved to be unaltered during the period of bed rest in the three groups and for the two muscles (see RESULTS), served as an internal control for constant sample loading.
Immunoblotting
All the electrotransfers were carried out on a 0.2-m nitrocellulose sheet (Advantec MFS, Pleasanton, CA). The membranes were blocked with a phosphate-buffered saline (PBS, pH 7.4) containing 5% nonfat dry milk and 0.2% sodium azide. All the membranes were incubated overnight with each primary antibody. For the different MHC isoforms, NCL-MHCs (Tebu/Novocastra) was used for recognition of MHC I, SC71 (DSMZ, Braunschweig, Germany) for MHC IIa, and MY32 (Sigma France) for MHC IIa and MHC IIx. A monoclonal antibody (5C5; Sigma) specifically recognized ␣-sarcomeric actin. For TnC and TnI, both slow and fast isoforms were identified by polyclonal antibodies provided by D. Pette (31) . Polyclonal antibodies directed to slow TnT isoforms (TnTs), previously characterized and provided by Dr. J. P. Jin (36) , allowed the identification of four bands corresponding to TnT1s, TnT2s, TnT3s, and TnTx, the latter having already been described in rat muscles in a previous study (39) . The fast TnT isoforms (TnTf) were identified using the JLT-12 monoclonal antibody from Sigma. As previously described, four bands could be identified: TnT1f, TnT2f, TnT3f, and TnT4f (51) . Tm isoforms were identified using a monoclonal antibody (CH1; Sigma) that recognized the three isoforms previously described in humans (46) : Tm␤ (the slowest one), Tm␣ slow, and Tm␣ fast (the fastest one).
For the identification of TnTs and TnTf isoforms in the same gel, a stripping procedure was necessary. The membrane was incubated with the TnTs antibodies. The bound TnTs antibodies were then removed by incubation at 50°C for 40 min with stirring in a stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris ⅐ HCl, pH 6.7). The membrane was washed twice in PBS at room temperature. The immunodetection of the TnTf isoforms was then performed.
The primary antigen-antibody complexes were detected with a peroxidase staining kit (Sigma Chemical) consisting of extravidin peroxidase and biotinylated goat conjugate antibodies against mouse or guinea pig IgG (Sigma). The signals were visualized using an enhanced chemiluminescence kit (Amersham Pharmacia Biotech, Piscataway, NJ). Signal intensities were evaluated using integrating densitometry software (GS-700 Imaging Densitometer; Bio-Rad, Ivry Sur Seine, France). At least two (up to 4) independent measurements were made on each sample. Results were quite similar, and average values were thus obtained for each protein isoform (per muscle per subject per group). The method of analysis for each subunit is described at the beginning of each respective RESULTS section.
Glycosylation Level in VL Muscle
Biopsies from VL muscles were easily obtained and were larger than those from SOL. We had enough biological material in VL biopsies (n ϭ 4) to perform measurements of total O-GlcNAc in the three groups.
The level of O-GlcNAc on skeletal muscle proteins was measured in 100 g of proteins (MicroBCA protein assay) by radioactive labeling, as previously described (44) . To 50 l of solubilized sample, we added 50 mU of autogalactosylated galactosytransferase diluted in 10 l of 10ϫ labeling buffer (100 mM HEPES-NaOH, 100 mM galactose, and 50 mM MnCl 2, pH 7.3). The volume was adjusted to 90 l with water. The reaction was initiated by adding 10 l of 25 mM 5Ј-AMP containing 3 Ci of UDP-[
3 H]galactosidase ([ 3 H]Gal) to bring the final concentration to 2.5 mM 5Ј-AMP. The sample was incubated for 2 h at 37°C in the presence of 40 M O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate. The reaction was stopped by boiling for 5 min. Radioactive precursor was eliminated by passing the sample through a column of Dowex 1 ϫ 2 (200 -400 mesh) in its acetate form. The column was washed with water, and the nonretained fraction was counted by liquid scintillation after the addition of Aquasafe on the Beckman LS6000TA apparatus. The level of O-GlcNAc labeled with [ 3 H]Gal was determined using the specific radioactivity of UDP-[
3 H]gal and the efficiency of the counting. All measurements were made twice for the five different samples.
Statistical Analyses
For the different parameters relative to muscle characteristics and protein compositions, comparisons between Pre and Post data were made using a Wilcoxon matched pairs test. In Table 1 , comparisons between percent changes were established for each muscle (SOL and VL) among the three groups (BR, BRϩEx, and BRϩNut) for each parameter by using repeated-measures ANOVA. When significance was noted, a Bonferroni post hoc test was used. The acceptable level of significance was set at P Ͻ 0.05. Data are means Ϯ SE.
RESULTS
MHC and TnC Isoform Pattern in Single Fibers
All the fibers studied for their morphological and functional properties were identified according to both their MHC and TnC profiles (Fig. 1) .
Identification of fiber types. Whatever the muscle (SOL or VL) and experimental conditions (Pre and Post in BR, BRϩEx, and BRϩNut groups), four fiber types were identified according to MHC isoform pattern (Fig. 1A) . Pure slow type (S) corresponded to fibers that expressed only MHC I, whereas pure fast type (F) corresponded to fibers with only MHC IIa or MHC IIx or combined expression of MHC IIa and MHC IIx fast isoforms. Hybrid fibers were classified as hybrid slow (HS) or hybrid fast (HF) depending on the predominant expression of slow or fast MHC isoforms, respectively.
However, according to the TnC electrophoretic profile (Fig.  1B) , only two fiber types were found: S fibers containing 100% of TnCs isoform and F fibers containing 100% of TnCf isoform. No hybrid fiber was found in all conditions.
Proportions of the different fiber types during bed rest and countermeasures. The distribution of the different fiber types identified as described above in SOL and VL was established for Pre and Post biopsies of the three experimental groups. According to MHC identification, bed rest induced in SOL a decrease in S fibers at the benefit of HS and HF populations (Fig. 1C) without any significant change in the proportion of F fibers. However, after bed rest, this F population contained 60% fibers with only MHC IIa and 40% with MHC IIa ϩ MHC IIx instead of 80:20 before bed rest. Thus there is a global slow-to-fast transition linked to the increase in hybrid fibers. In VL muscle, the slow-to-fast transition in MHC fiber type also appeared, with the F population being significantly increased for this muscle even after bed rest. According to TnC identification, bed rest induced a higher percentage of F fibers and a decrease in S fibers in SOL as well as in VL samples (Fig. 1D) without the appearance of hybrid fibers.
In the BRϩEx group (Fig. 2, A and B) , no significant difference in the repartition of the MHC fiber types was observed between Pre and Post data for SOL and VL samples, except for a slight increase in the HF fiber proportion in the SOL. The proportions of slow and fast fibers according to TnC identification were not changed for SOL, whereas the slow-tofast transition was maintained in VL.
In the BRϩNut group (Fig. 2, C and D) , results concerning fiber type identification (following MHC and TnC isoform expression) were similar to those found in the BR group, except there was a difference in SOL, where nutrition attenuated the decrease (Ϫ12%) in S population compared with BR effects (Ϫ28%).
Single Muscle Fiber Diameters and Forces in SOL and VL Muscles
For these analyses, two groups of fibers were constituted, resulting from both their MHC and TnC profiles. The first one (S) corresponded to fibers containing MHC I (alone or predominantly) and TnCs. The second one (F) corresponded to fibers containing only or predominantly MHC II isoforms and TnCf. Table 1 shows average values of diameters and forces measured in chemically skinned slow and fast fibers from Pre and Post biopsies of SOL and VL muscles, with data from all subjects pooled together. In addition, the ratio between Post and Pre data was calculated for each subject, and the mean percent change between these values was reported for each parameter.
Diameters. After bed rest, slow and fast fibers of the same muscle were atrophied at similar levels and the absolute values of their diameters and the mean percent change for the different subjects decreased by ϳ18 and 26% in SOL and VL, respectively (Table 1 ). In the BRϩEx group, these decreases were largely attenuated in slow fibers (8% in SOL and 4% in VL) and even totally prevented in all fast fibers. In the BRϩNut group, decreases in slow fiber diameter were prevented for SOL or attenuated for VL. In fast fibers of both muscles, decreases in diameters for BRϩNut groups were not significantly different from decreases in the BR group. Therefore, no efficient prevention was observed.
Forces. After bed rest, decreases in absolute force P 0 of SOL and VL muscle fibers (Table 1) and mean Post/Pre percent Data are diameter, maximal absolute force (P0), and maximl absolute specific force (P0/CSA) in slow and fast fibers of soleus (SOL) and vastus lateralis (VL) muscles biopsied before (Pre) and at the end (Post) of bed rest for subjects submitted to bed rest only (BR) or to bed rest with exercise (BRϩEx) or nutrition (BRϩNut) countermeasure. Values are means Ϯ SE. Numbers in parenthesis for Pre and Post values represent the total number of fibers analyzed in each condition. Percent change (%change) corresponds to the mean change between subjects for the different Post/Pre ratios, and numbers in parentheses represent the number of biopsied subjects (see details in METHODS). *P Ͻ 0.05, statistical difference between Pre and Post values. †P Ͻ 0.05, statistical difference between BR and BR with countermeasure (Ex or Nut) for a given parameter (symbol reported on countermeasure group). ‡P Ͻ 0.05, statistical difference between BRϩEx and BRϩNut for a given parameter. changes were larger in slow than in fast fibers. When expressed per cross-sectional area, maximal specific forces (P 0 /CSA) after bed rest remained largely decreased in slow fibers of both muscles, but not in fast fibers. Exercise produced a preservation and even increases in absolute and specific tensions for slow and fast SOL fibers and fast VL fibers; a decrease by 10% remained for slow VL fibers. In the slow fibers of the BRϩNut group, absolute forces of SOL and VL were decreased as observed in the BR group, and declines in specific forces were still observed. In the fast fibers of the BRϩNut group, absolute forces of SOL and VL were also decreased (by 20%), but specific forces (expressed per CSA) appeared unchanged as a consequence of the loss in diameters of these fibers.
Ca 2ϩ Activation Properties of SOL and VL Slow Fibers
All the tension-pCa curves were established from the total number of fibers analyzed in each condition (Pre and Post BR, BRϩEx, and BRϩNut), and the mean pCa 50 values for each curve are reported in Table 2 .
Effect of bed rest. In SOL and VL muscles, for slow fibers of the BR group (Figs. 3 and 4, top, respectively) , the Post tension-pCa relationships were shifted to the right, i.e., toward higher Ca 2ϩ concentrations (lower pCa values), and the mean pCa 50 values were significantly lower compared with Pre values. It should be noted that the effect was more marked for VL as well for pCa 50 as well as for pCa thr and the steepness of the Post curve. In Figs. 3 and 4, affinity. Pre and Post data of the BR group were obtained in seven subjects for SOL and VL. The two graphs indicate that decreases in Ca 2ϩ affinity appeared after bed rest, more or less marked depending on the subjects. Moreover, it should be noted that for a given subject, changes in Ca 2ϩ affinity for the two muscles were not coordinated. Nevertheless, the average values for pCa 50 in slow fibers of SOL and VL show that Ca 2ϩ affinity was clearly decreased after bed rest.
Effect of countermeasures. In slow SOL fibers of the BRϩEx and BRϩNut groups, the Pre and Post tension-pCa relationships were merged (Fig. 3, middle and bottom) , with the pCa50 values being identical. The insets in these graphs show Pre/Post pCa 50 ratios. The mean points for the six subjects of the BRϩEx group (Fig. 3, middle) and the eight subjects of the BRϩNut group (Fig. 3, bottom) follow the bisecting lines, and the average pCa 50 values between these points, in each condition, are positioned on the bisecting lines. Therefore, changes in Ca 2ϩ affinity of the contractile system in slow SOL muscle fibers were prevented by countermeasures.
In slow VL muscle fibers of the BRϩEx and BRϩNut groups (Fig. 4, middle and bottom) , the Post tension-pCa curves were shifted to the left toward lower Ca 2ϩ concentrations, and significant increases appear for pCa 50 values. The insets in these graphs show Pre/Post pCa 50 ratios for the eight subjects of the BRϩEx and BRϩNut groups. The mean points for the different subjects are positioned either close to or above the bisecting line, with averaged values above the line indicating a mean higher Ca 2ϩ affinity in VL slow fibers after bed rest with exercise or nutrition countermeasures.
Ca 2ϩ activation properties of SOL and VL fast fibers
In SOL muscle, the tension-pCa relationships for Pre and Post fast fibers were similar for the BR group as well as for the BRϩEx and BRϩNut groups (Fig. 5A, left) . The mean pCa 50 Pre/Post values obtained for the different subjects are globally distributed along the bisecting line (Fig. 5B, left) .
In VL muscle, some differences appeared. Indeed, Post tension-pCa relationships of the BRϩEx and BRϩNut groups were shifted to the left toward lower Ca 2ϩ concentrations (Fig.  5A , right) compared with Pre tension-pCa relationships, and pCa 50 values were significantly higher ( Table 2 ). The plot of the mean pCa 50 Pre/Post values for the different subjects (Fig.  5B, right) shows a clear separation between BR and BRϩEx or BRϩNut values, since the latter are all positioned on the left of the bisecting line, i.e., indicating a higher Ca 2ϩ affinity.
Thin Filament Protein Expression in SOL and VL Muscles
Electrophoretic data could be obtained in single fibers for TnC isoforms. However, the expression level of the other regulatory proteins of the thin filament could not be achieved due to an insufficient protein quantity per fiber. Therefore, the expression profiles of actin and slow and fast isoforms of all the regulatory proteins were determined on whole frozen samples from Pre and Post biopsies of SOL and VL (Fig. 6) . The isoform expression patterns are reported for Tn and Tm molecules in SOL (Table 3) and VL (Table 4) in Pre and Post conditions.
Actin expression. The signal intensities of ECL films after immunoblotting were measured in Post biopsies and expressed as a percentage of Pre values (Post/Pre actin). In the BR group, the actin signal was equal to 108.3 Ϯ 7 (n ϭ 7 subjects) for SOL and 103.4 Ϯ 10 (n ϭ 8 subjects) for VL. Similar values for SOL (6 subjects) and VL (8 subjects), 99.3 Ϯ 4 and 96 Ϯ 7, respectively, were obtained for the Post/Pre actin ratio of the BRϩEx group. For the BRϩNut group, the ratio was 99.3 Ϯ 7 in SOL (8 subjects) and 103 Ϯ 6 in VL (8 subjects). Therefore, the actin signal appeared unaltered after bed rest and could serve as an internal control.
TnC subunit. The expression of TnCs and TnCf isoforms was compared on the same gels, since the same polyclonal antibody was able to recognize both isoforms at 50:50%. Thus the proportion of each isoform was measured as a percentage of total TnC.
TnCs, the predominant isoform in Pre biopsied SOL muscles, represented ϳ70% of total TnC and was decreased until 57% after bed rest, whereas, conversely, TnCf increased. This slow-to-fast transition was prevented in the BR ϩ Ex group. In the BRϩNut group, the TnCs-TnCf proportions for Pre and Post biopsies in SOL were similar to those found for the BR group.
In VL muscle, TnCs represented ϳ67% of total TnC and decreased after bed rest as described for SOL. A similar decrease in TnCs and an increase in TnCf contents were observed in the BRϩNut group. However, exercise did not prevent this slow-to-fast transition.
TnI subunit. TnI also exists as two well-separated isoforms. Changes were estimated after successive applications of the slow and fast antibodies, and relative concentrations of TnIs and TnIf isoforms were evaluated on the same gel with reference to the same actin signal. In SOL, TnIs was predominantly expressed in the three Pre BR groups. Its expression was largely decreased after bed rest, whereas the TnIf proportion increased. This transition was found at a similar level in the BRϩNut group but was prevented by exercise.
In VL muscle, TnIf isoform was predominantly expressed compared with TnIs in the three Pre BR groups. Similar levels were found in the respective Post biopsies. Therefore, no transition was observed for TnI expression in VL muscle after bed rest with or without countermeasures.
TnT subunit. Relative changes in the expression of the whole content in TnTs and TnTf isoforms were evaluated on the same gel (see METHODS for stripping procedure) with reference to the same actin signal. Moreover, within a TnT type (slow or fast), the relative proportion of the different isoforms was measured, as previously described (43).
TnTs and TnTf isoforms in SOL.
The whole content of slow TnT isoforms in SOL was reduced in BR, BRϩEx, and BRϩNut groups, and conversely, the whole content of fast TnT isoforms in SOL was increased (Table 3) .
The presentation of the relative proportions of TnTs isoforms was simplified as follows. Indeed, since the expression of TnT1s and TnT2s (higher molecular weight isoforms) and TnT3s and TnTx (lower molecular weight isoforms) were respectively very close (see Fig. 6 ), and since TnT1s and TnT2s conferred a similar higher Ca 2ϩ affinity than that due to TnT3s and TnTx (39), the expression pattern of TnTs isoforms was reported for TnT1s ϩ TnT2s taken as a whole and for TnT3s ϩ TnTx as a whole. After bed rest, the TnT1s ϩ TnT2s proportion was significantly increased at the expense of Fig. 3 . Tension-pCa relationships of single skinned slow fibers in SOL from Pre (F) and Post (E) biopsies of the BR, BRϩEx, and BRϩNut subjects. Curves were fitted according to the Hill equation. Numbers of fibers (n) are given in Table 1 for maximal tension (P0). Insets represent mean Pre vs. Post values of the pCa50 parameter (pCa50 ϭ pCa at which tension is half maximal) for the different subjects (referenced by letters) of the 3 groups. The bisecting line of each graph corresponds to Pre ϭ Post values, i.e., to an unchanged Ca 2ϩ affinity of the contractile system. Values are means Ϯ SE. Fig. 4 . Tension-pCa relationships of single skinned slow fibers in VL from Pre (F) and Post (E) biopsies of the BR, BRϩEx, and BRϩNut subjects. Curves were fitted according to the Hill equation. Numbers of fibers (n) are given in Table 1 TnT3s ϩ TnTx. No compensatory effects of exercise or nutrition were observed, since the increase in TnT1s ϩ TnT2s content and decrease in TnT3s ϩ TnTx were similar in the BR, BRϩEx, and BRϩNut groups. Although the whole TnTf content was increased after bed rest in the three groups, the repartitions of the four TnTf isoforms were similar for Pre and Post biopsies, except for a significant decrease in TnT2f in the BR ϩ Ex group. TnTs and TnTf isoforms in VL. As described for SOL, the whole content of TnTs isoforms in VL was reduced in BR, BRϩEx, and BRϩNut groups. This global decrease was compensated by an increase in the global content of TnTf isoforms ( Table 4) .
The proportions in TnT1s ϩ TnT2s and TnT3s ϩ TnTx isoforms remained unchanged in the three groups at the end of the bed rest (Post). Therefore, the main effect of bed rest without and with countermeasures on TnTs of VL muscles was a decrease in the whole content, without affecting the distribution between higher and lower molecular weight isoforms.
The distribution pattern of the four fast isoforms was found identical in Pre and Post biopsies of the BR and BRϩNut groups. In the BRϩEx group, a significant decrease in TnT2f appeared, associated with significant increases in TnT3f and TnT4f.
Tropomyosin molecule. Three isoforms were identified in SOL and VL muscles: Tm␤, Tm␣ slow, and Tm␣ fast. The three isoforms were expressed in similar proportions in both muscles. In the BR and BRϩNut groups, Post data showed significant changes only in SOL, with a decrease in ␤-isoform and an increase in Tm␣-slow, whereas the fastest isoform, Tm␣-fast, remained unchanged. No significant differences between Pre and Post distributions of the three isoforms were found in the BRϩEx group of SOL and VL. Table 1 for P0. For pCa50 curves, Pre/Post pCa50 values are shown for each subject of the BR (■), BRϩEx (ᮀ), and BRϩNut (ƒ) groups. To simplify, standard errors are reported only on the mean data point for each group.
Variation of Total O-GlcNAc level in VL Muscle After BR Without and With Countermeasures
As explained in the Introduction, the glycosylation levels were recently described to be affected in atrophied muscles (17) and implied in Ca 2ϩ activation properties (34) . Therefore, it was attractive to look at glycosylation levels after bed rest. These measurements were made on VL samples for which enough muscle tissue had been obtained (4 subjects in each group). The changes in O-GlcNAc levels were evaluated in Post biopsies with reference to Pre biopsies, taken as 100%.
In the BR group, glycosylation in Post samples was decreased by 18.8 Ϯ 3.7% compared with Pre. A lower decrease (Ϫ8.9 Ϯ 2.1%) was obtained for the BRϩNut group. On the contrary, the glycosylation level was unchanged (Ϫ3.2 Ϯ 1.6%) in the BRϩEx group.
DISCUSSION
This report describes the effect of long-term bed rest (WISE experiment) on muscle properties in women. The specificity of our work was to evaluate the contribution of the thin filament regulatory proteins to the changes in Ca 2ϩ activation properties that characterize, in addition to losses of muscle mass and force, the unloading effects. Moreover, the WISE experiment has offered the opportunity to test two countermeasures, a combined protocol of resistive and aerobic exercises, and a nutrition program.
Phenotypical Transitions Due to BR and Countermeasures
Single-fiber phenotypes according to MHC and TnC isoform expressions. Analyses of MHC and TnC protein expression at the single-fiber level after bed rest brought new, interesting information. For MHC molecules, bed rest induced transitions attested by higher percentages of HS and HF fibers in SOL or pure F fibers in VL. This result was in agreement with data obtained during the same bed rest by another group (57) and indicated that a 2-mo period of bed rest constituted a sufficient stimulus to induce changes at protein level, which were not observed after 37 days of bed rest in VL muscle (3) . For TnC molecules, the transitions between slow and fast isoforms were more sharply contrasted, since practically no hybrid fibers coexpressing TnCs and TnCf appeared, even in fibers identified as HS or HF following determination of their MHC composition. This lack of coexpression of TnCs and TnCf in human unloaded muscles was not in agreement with previous results obtained in rat muscles after hindlimb unloading or weightlessness (6) . Therefore, this suggested that coordinated but distinct regulation of TnC and myosin isoform expressions occurred in skeletal muscles after bed rest as already reported for TnT or TnI and MHC expression in control rats (11) .
The two countermeasures applied in the WISE experiment produced distinct results. The nutrition countermeasure did not modify the TnC transitions due to bed rest and induced only a slight attenuation of MHC slow-to-fast changes and no increase in hybrid fiber proportions. The exercise countermeasure fully prevented the slow-to-fast changes for MHC and TnC in SOL fibers and for MHC in VL fibers. A slight decrease in fibers expressing TnCs (and an increase for TnCf fibers) was still detected in VL muscle. Therefore, it clearly appears that fiber phenotype changes due to bed rest can be globally prevented by the proposed exercise protocols, whereas the nutrition program was relatively inefficient for the phenotype regulation.
Transitions in regulatory protein expressions in SOL and VL biopsies. To our knowledge, we are the first to report an analysis of the expressions of all regulatory proteins of the thin filament after bed rest. In SOL, slow-to-fast transitions concerned all regulatory proteins of the thin filament, i.e., the three Tn subunits and the Tm molecule. These transitions were prevented by exercise but not by the nutrition program. In VL, phenotypical transitions due to bed rest were limited to TnC and TnT molecules, underlining the potentiality of these two molecules as sensitive markers of unloading. Moreover, in VL, these changes appeared strongly related to inactivity, since neither of the two countermeasures was efficient to prevent the transitions.
Atrophy and Loss in Forces After Bed Rest
Although muscle atrophy due to bed rest conditions has already been described extensively, our contribution to the WISE experiment permitted us to verify some data and to go deeper into this question. The first interesting point underscored by this study concerns the adaptive morphological response of the fibers. In the women subjects, SOL and VL slow and fast fibers atrophied similarly with bed rest, a finding also observed by another WISE experiment (57) . This is in agreement with previous bed rest studies in men (20, 55) and leads us to conclude that adaptive responses of human skeletal muscles to bed rest unweighting are not necessarily dependent on fiber type. This is important, since data appeared heterogeneous in humans after spaceflight. Indeed, some studies have shown that slow type I fibers are more susceptible to atrophy than type II fibers (23, 28) , although others have described that type I and type IIa fibers atrophied at a similar degree (60) . Also, differences might exist between muscles, since less fiber atrophy occurred in the gastrocnemius compared with soleus muscle (61) .
During the present bed rest, important declines in maximal force appeared, with the effect being more marked for both muscles in slow than in fast fibers. Moreover, when forces were expressed per CSA (i.e., specific forces), forces were still decreased in slow fibers by 26 and 19% in SOL and VL, respectively, and thus exceeded the reduction in muscle diameter. This result is in agreement with previous data obtained after a 2-mo bed rest (63) and a 3-mo bed rest (55) . On the contrary, no changes between Pre and Post P 0 /CSA values were found in fast fibers. This suggests that in fast fibers, the loss in absolute force could be directly explained by fiber atrophy, i.e., the loss in contractile proteins able to establish cross bridges. In slow fibers, in addition to this factor, other adaptive mechanisms might be involved. A decline in the number of strongly bound cross bridges per fiber surface unit can be considered. Indeed, cross bridges are formed between thick and thin filaments, and the specific maximal force is dependent on the number of cross bridges per CSA. A decrement in thin filament density after a short bed rest (17 days), without changes in thick filament density, has been reported (43), one consequence being a possible decrease in specific force. Conversely, our results show that the level of actin expression during WISE was not modified, as already described after long-term bed rests in SOL (15) and VL (32) muscles or after 5 wk of unilateral lower limb suspension in VL and SOL (13) , suggesting that the thick-to-thin filament ratio was not altered. Thus some other aspects of the contraction process must be occurring to influence force per unit area in single muscle fibers during periods of long-term bed rest.
In addition to the loss in maximal force (P 0 and P 0 /CSA), we observed some variations in submaximal activation forces depending on experimental conditions (bed rest and/or countermeasures). Thus we demonstrated that in fast fibers, no change was observed (similar tension-pCa relationships for Pre and Post bed rest fibers), whereas slow fibers presented significant decreases in Ca 2ϩ affinity. It is generally accepted that TnC and the degree of expression of its slow or fast isoforms are involved in the Ca 2ϩ dependence of tension development (4, 40) . We have shown that, after bed rest, fibers which remained slow, as identified by the expression of MHC I (unique or predominant), expressed TnCs alone (without TnCf). Nevertheless, these fibers presented a decrease in Ca 2ϩ affinity that cannot thus be attributed to a change in TnC isoform, i.e., the appearance of TnCf. Another Tn subunit, TnT, is well known to contribute to the Ca 2ϩ -activating properties of muscle fibers (6, 30) . Although TnT expression was detected only in whole biopsies and not in single fibers, its role in the development of Ca 2ϩ -dependent forces can be envisaged. Indeed, in SOL and in VL, an increase in the whole content in TnTf at the detriment of TnTs was observed, with even a rearrangement within the TnTs isoforms in SOL, as previously described in rat hindlimb unloading conditions (39) .
Another mechanism that can be associated with changes in Ca 2ϩ activation properties is the level of glycosylation of different muscle proteins involved in the contractile activity (34) . After bed rest, we measured a decreased O-GlcNAc level. We (17) have already demonstrated, after hindlimb unloading in rats, that a lower level of O-N-acetylglucosaminylation was measured in atrophied SOL. Moreover, we (34) also have shown that the O-GlcNAc motif involved in protein-protein interactions could decrease the Ca 2ϩ affinity of skeletal muscle fibers. Therefore, the decrease in the glycosylation level observed after bed rest might be involved in the changes in Ca 2ϩ activation properties and force development associated with atrophy. Thus this posttranslational modification, not investigated until now in humans and in bed rest studies, has to be taken into consideration as a possible mechanism that contributes to the regulation of muscle contraction and force development.
Countermeasure Effects
Exercise. Resistance training was used as a good tool to maintain muscle function in space. However, the exercise protocol has to be optimized (1, 5) . It has been found that resistance training maximized with concentric and eccentric muscle actions at a high intensity was sufficient to maintain muscle mass and strength (21, 47, 53) , although after a 3-mo bed rest in men, a total recovery of the slow VL fiber diameters was not obtained (55) . In the WISE experiment (2-mo duration), we have shown, in the BR ϩ Ex group, that all VL fibers, either slow or fast, maintained their initial diameters. This suggests that the combined resistive and aerobic protocols were efficient. In SOL, fast fiber atrophy was also totally prevented, whereas slow fibers still presented a small atrophy (8%).
In both muscles, maximal forces and Ca 2ϩ activation properties were preserved or even increased in slow and fast SOL and VL fibers of the BRϩEx subjects. This global prevention might be the result of either preserved Ca 2ϩ affinity properties of the contractile proteins or preserved phenotypical expressions of the different contractile proteins (in whole biopsies or single fibers), especially in SOL, or maintained glycosylation level (measured in VL biopsies) in the muscles of the BRϩEx group. This latter result reinforces previous results demonstrating that the O-GlcNAc motif has a protective role against proteosomal degradation (16) . A beneficial impact of physical activity on the component of insulin resistance syndrome (33) also has been described, with exercise being a potent stimulator of glucose transport (64) . Thus muscle protein synthesis and contractile properties during bed rest can be preserved by exercise performed throughout the period of inactivity, as previously proposed (26) .
Nutrition. The importance of nutrition in maintaining muscle properties has been well described after bed rest. Indeed, the catabolic effects of a 28-day bed rest can be counteracted by amino acid and carbohydrate supplements through the maintenance of muscle protein synthesis (42) . In our study, the BRϩNut group had a preventing effect against muscle atrophy focused on slow fibers, with the effect being much less marked on fast fibers. It should be noted that a similar prevention also was observed by another group involved in WISE bed rest (9) , although a remaining atrophy was measured by a third group (58) . This beneficial effect on muscle mass due to amino acids might be the result of a stimulation of muscle protein synthesis (27, 48) . Moreover, amino acids are known to stimulate some steps of the oxidative metabolism cycle (50) operating in slow fibers. A consequence can be an increased synthesis of glutamic acid and glutamine, a catalyzer of the hexosamine pathway, which leads to O-GlcNAc production. This might contribute to explain the limited decrease of O-GlcNAc level in VL muscle of the BRϩNut group compared with the BR group. However, the glucose uptake may have remained affected so that the expression of O-GlcNAc did not reach its control level measured in Pre biopsied VL. This also could be due to the fact that the amino acid treatment is more efficient on slow fibers, i.e., on the fiber type proportion that is decreased in this nutrition group at a level close to that due to BR alone. Despite this muscle mass protection of slow fibers in SOL and VL muscles of the BRϩNut group, the maximal specific forces of these fibers remained decreased. A recent study (29) described a similar result for type I VL fibers. On the contrary, a prevention was obtained for the bed restinduced loss of peak force in SOL type I fibers. The discrepancy between this latter result and our data in slow soleus fibers might be due to the duration of the bed rest (28 vs. 60 days in WISE).
It should be noted that the Ca 2ϩ affinity properties were preserved in SOL and even increased in VL slow fibers of the BRϩNut group. A role of the O-GlcNAc motif, which has been described to contribute to protein interactions at the origin of force development (16, 34) , can be envisaged.
For fast fibers, there was no preservation of the muscle mass by the amino acid treatment. The consequent decrease in force is directly related to the decrease in contractile protein content.
To conclude, this study has brought to light new data concerning the expression of the regulatory proteins of the thin filament after bed rest and underlines the contribution of several mechanisms to explain losses in muscle mass and force. The combined high-resistance aerobic exercise protocols protected fast fibers and largely protected slow fibers in the two muscles. On the contrary, the nutrition countermeasure was more specifically efficient against slow fiber atrophy. A logical suggestion for future bed rests would be the association of these countermeasures, which initiate stimulation of different intracellular mechanisms and protein regulation. Beyond the spaceflight interest of this study, the long-term bed rest model represents a unique opportunity to investigate some problems of clinical importance such as muscle inactivity or aging.
